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Neonatal rat Schwann ceils were grown in tissue culture and assayed for NGF receptors with time in culture. NGF receptor levels on freshly prepared Schwann cells (day 0) were low but increased dramatically during the first week in culture. The tropic and trophic actions of NGF appear to be mediated by NGF receptors localized on the cell surface of NGF-dependent neurons. In peripheral sympathetic and sensory neurons, the trophic actions of NGF are initiated by the binding of NGF to specific cell-surface receptors (see review, Thoenen and Barde, 1980) followed by internalization and retrograde transport of NGF to the cell body. Exactly how NGF interacts with various organelles at the cell body to exert its trophic actions remains uncertain.
Other neurons and cell lines such as cholinergic neurons of the CNS and PC 12 cells have been shown to bear NGF receptors and to be responsive to NGF. As with the neural crest-derived neuronal types, NGF is thought to act on these cells through specific cell-surface receptors for NGF. The binding of NGF to sympathetic and sensory neurons, PC 12 cells, and melanoma cells has been well characterized, and it is clear that different cell types bind NGF with varying affinities. In sympathetic and sensory neurons, as well as in PC 12 cells, NGF binds to highand low-affinity components on the cell surface. These are designated as type I (high-affinity, slow-dissociating) and type II (low-affinity, fast-dissociating) receptors. The K,, values for the high-and low-affinity sites are approximately 10-l' and 1O-9 M, respectively (see review, Buxser et al., 1985) . Other cells, such as the A875 human melanoma cell line, possess only the low-affinity NGF receptors (Fabricant et al., 1977; Sherwin et al., 1981) .
In recent years several reports have emerged describing specific binding of NGF to non-neuronal (or non-neuron-like) cells. Sutter et al. (1979a) reported specific binding of NGF to the non-neuronal cells present in cultures of chick sensory neurons. Further reports have corroborated these findings (Carbonetto and Stach, 1982) and have localized the NGF binding sites to Schwann cells grown in tissue culture (Zimmerman and Sutter, 1983; Rohrer, 1985) . In addition, NGF binding sites were identified on cultured human neurofibroma tumor tissues, whose cells originate from peripheral nerve ensheathments and have distinct Schwann cell-like features (Ross et al., 1984; Sonnenfeld et al., 1986) . While it appears that NGF binding sites are present on Schwann cells (and possibly Schwann cell-derived tumors), the physiological significance of these receptors remains uncertain.
Recently, Taniuchi et al. (1986b) demonstrated that the NGF receptor level in the distal portion of an injured peripheral nerve increases dramatically with time after lesion. Histochemical analysis shows that the NGF receptors are located on Schwann cells in the distal nerve. These findings are discussed in the context of a supportive role for Schwann cells in the regeneration process of the injured nerve. It is proposed that Schwann cells release NGF and sequester it on the induced receptor to provide an NGF-laden substratum that would facilitate regeneration of sympathetic and sensory axons. It is well established that injured nerve and cultured glial cells provide good environments through which peripheral and central neurons can send axons (David and Aguayo, 198 1; Fallon, 1985; Schwab and Thoenen, 1985; Kramer and Cornbrooks, 1986) . It is possible that the NGF receptor on Schwann cells, induced during nerve injury, plays a crucial role in this phenomenon.
The purpose of the studies reported here was to localize NGF receptors on primary rat Schwann cell cultures and to characterize these binding sites with respect to their appearance with time in culture, binding affinity and capacity, ligand dissociation kinetics, and molecular-weight determination. Results reported here show that certain aspects of NGF binding to Schwann cells are distinct from the binding of NGF to conventional NGFresponsive cells.
Materials and Methods
Primary rat Schwann cell culture. Schwann cells were isolated from neonatal rat sciatic nerves by the method of Brockes et al. (1979) , modified as follows. Right and left sciatic nerves from postnatal day 1 (Pl) rats were dissected under sterile conditions and placed in L15 medium buffered with HEPES, pH 7.2. Nerves were incubated with 1 mg/ml collagenase (Cooper Biomedical, Malvem, PA) for 1 hr and washed with HEPES-buffered L15 medium. The nerves were triturated with a reduced-bore pipet and plated out in Falcon T-flasks (3013) in medium containing Dulbecco's Modified Eagle's medium (G&co, Grand Island, NY), 10% heat-inactivated fetal calf serum (Hazelton, Denver, PA), 100 IU/ml penicillin, 100 &ml streptomycin, and 1 mM glutamine. Cells were plated at 2-3 x lo6 cells per flask in a volume of 5 ml and maintained in a humidified atmosphere of 10% CO, and 90% air at 37°C. After 2 d in culture the cells were treated with 10m5 M Ara-C for 2 d. This treatment selectively destroyed the rapidly dividing fibroblasts in the cultures while having limited deleterious effects on the Schwann cell population. After 4 d, the cultures were 90-95% enriched for Schwann cells as determined by visual inspection (see Fig. 1 c) . For longer-term cultures, normal medium was placed on the cells for 3 d, followed by 3 d of treatment with Ara-C. This cycle was repeated until cells were used for assay. Schwann cells were also prepared from Pl vagus nerves, dissected from the upper thoracic region caudal to the jugular and nodose ganglia, as described above.
In one experiment, sciatic nerves were dissected from embryos and neonatal rats [embryonic day 19 (E19) to P3], dissociated, and plated as described above for Pl sciatic nerves.
Rat astrocyte cultures. Rat astrocytes were prepared from P6 rat cerebral cortices according to the method of Raff et al. (1979) .
Other cell cultures. PC 12 cells were cultured as described (Greene and Tischler, 1982) . Primary cultures of rat superior cervical ganglia (SCG) were cultured as previously described (DiStefano et al., 1985) .
Immunohistochemicalstainingofthe NGFreceptorandS-lOOprotein. Cultured Schwann cells, astrocytes, and SCG neurons were stained for NGF receptors by using the monoclonal antibody, 192-IgG, which recognizes onlv the rat NGF receptor (Chandler et al.. 1984: Taniuchi and . Cells were stained'for S-100 protein with a polyclonal rabbit anti-bovine S-100 antiserum. For 192-IgG staining the cultures were grown on polylysine-coated (0.1%) glass tissue culture slide chambers (Miles Laboratories, Naperville, IL) for various times and fixed in 1% paraformaldehyde in PBS, pH 7.2. Cultures were stained by using a mouse IgG Vectastain ABC kit (Vector Laboratories, Burlingame, CA) with glucose oxidase as the marker enzyme. The cultures were blocked with 1.5% normal horse serum for 30 min and 192-IgG or a mouse myeloma protein (MOPC 21 IgG,, Litton Bionetics, Inc., Charleston, SC) was added at 5 w&ml for 45 min. The cells were washed twice with PBS, and biotinylated anti-mouse IgG antibody was added for 30 min, followed by the ABC reagent containing glucose oxidase (avitin-biotin complex) for 30 min. The cells were washed with PBS, and the glucose oxidase substrate (NTB) was added. The colored reaction was allowed to proceed for 15-45 min and the cells were washed with PBS. For S-100 stainina. cells were fixed with 100% ethanol for 5 min on ice. Staining was l&formed with a rabbit IgG Vectastain ABC kit basically as described above. The anti-S-100 antiserum was diluted 1: 1500, as was the normal rabbit serum used in this procedure. Photomicrographs were taken with a Nikon camera (model FG) under Hoffmann optics using Kodak Ektachrome 160 tungsten film.
Ligand binding assays to whole cells. NGF and 192-IgG were radioiodinated according to the method of Marchalonis (1969 For ligand dissociation studies, a fixed concentration of lZ51-NGF or l*jI-192 was added to harvested cells at 37°C and aliquots of the binding reaction were assayed at various times by using the centrifugation method described above. After 30 min of association at 37°C (binding at equilibrium), an excess of unlabeled ligand was added, and aliquots were assayed for binding as a function of time at 37°C. Specific binding was determined as described above. Association-dissociation curves were generated from these data for Schwann cells and PC 12 cells.
Crosslintiimmunoprecipitation assay for NGF receptor. This assay has been previously described in detail (Taniuchi et al., 1986a) . Briefly, Schwann cells, astrocytes, or PC12 cells were incubated with 5-10 nM '2SI-NGF for 1 hr at 37°C. Labeled NGF was crosslinked to its binding sites with 20 mM I-ethyl-3-(3-dimethylaminpropyl)-carbodiimide HCl (EDAC, Pierce Chemical Company, Rockford, IL). The cells were then solubilized with 2% octylglucoside (Sigma, St. Louis), and the receptor was immunoprecipitated using 10 rg of the 192-IgG antibody. This complex was pelleted by incubation with Staphylococcus aureus (Pansorbin; Calbiochem, San Diego), pre-adsorbed with rabbit anti-192-IgG. Reducing sample buffer, 100 ~1, was added to the Pansorbin-antibodyreceptor complex, and this was chromatographed on an SDS 7% polyacrylamide gel. The gel was subsequently exposed to autoradiographic film for receptor visualization. In certain assays, sensitive quantitation of receptor was achieved by layering the Pansorbin-antibody-receptor complex over a 0.32 M sucrose cushion, followed by centrifugation as described above. Specific binding was determined as described for the whole cell binding assay or by substituting a negative control antibody in the place of 192-IgG. Both methods yielded similar values.
Reagents. lZ510dine Na was purchased from Amersham (Chicago) at concentrations of 1 mCi/lO ~1. NGF was purified from mouse submaxillary glands as described (Bocchini and Angeletti, 1969) . The mouse anti-rat NGF receptor monoclonal antibody 192-IgG (Chandler et al., 1984) was prepared by a modification of a previous method . The 192-IgG from ascitic fluid was purified by using a rat anti-kappa light chain monoclonal antibody, termed 187 (Yelton et al.. 198 1) . This antibodv recognizes 192-InG. which nossesses
immunoglobulin light chains of the kappa subclass. Monoclonal antibody 187 was coupled to Sepharose 4B, and the 192-IgG was purified by using standard affinity chromatography techniques. Rats used in these experiments were purchased from Chappel Breeders (St. Louis). The rabbit anti-S-100 antiserum was the kind gift of Dr. Blake W. Moore, Department of Psychiatry, Washington University School of Medicine.
All other reagents used in these experiments were ofanalytical quality and were obtained from commercial suppliers.
Results

Immunohistochemical localization of NGF receptors on cultured Schwann cells
Specific binding of 'Y-NGF and lzsI-192-IgG was detected on the Schwann cell cultures described in these studies (see below). To verify that the specific binding was localized to Schwann
The Journal of Neuroscience, January 1988, 8(l) As a positive control for NGF receptor staining, SCG neurons grown in culture were stained with 192-IgG or the mouse myeloma protein, Both the cell bodies and the extensive neurite network of SCG neurons grown in tissue culture stained intensely for NGF receptor (Fig. lE) , while sister cultures incubated with the mouse myeloma protein showed no staining (Fig.  1F ). In addition, no staining occurred following incubation with a variety of nonsense monoclonal antibodies (not shown).
To confirm that the bipolar, spindle-shaped cells were indeed Schwann cells, cultures were stained for the S-100 protein, a known marker for peripheral and central glia (Moore, 1965) . Figure 2A shows that the Schwann cells stained positively for the S-100 protein with a similar distribution of staining as with 192-IgG. Again, fibroblast-like cells with distinct morphological features did not stain for the S-100 protein. Also, no positive staining was evident on these cultures following incubation with normal rabbit serum (Fig. 2B) . Taken together these data show that cells which bear NGF receptors in these cultures are the same as those which stain for the classical Schwann cell marker, the S-100 protein.
Time course of appearance of NGF receptors on cultured Schwann cells Figure 1 , A-C, shows a marked change in the intensity of NGF receptor staining, indicating that NGF receptor number increases on these cells with time in culture. To quantitate this, Schwann cells were cultured for O-14 d, and L251-NGF or lz51-192-IgG binding was assayed on the harvested cells by using 20 nM of iodinated ligand. Cells that were freshly dissected from Pl rats (day 0) had very low NGF and 192-IgG binding levels; however, binding of both ligands increased significantly after 1-14 d in culture (Fig. 3) . In some experiments, binding was determined on 2 l-and 27-d-old cultures, and binding remained elevated (data not shown). To test whether the low level of binding at day 0 was due to enzymatic treatment of the dissected nerves, 4-d-old Schwann cell cultures were harvested and sub- (Taniuchi et al., 1986b) , indicating that loss of neuronal contact to Schwann cells results in increased NGF receptor number. The data shown in Figure   3 support this and provide a reliable in vitro model of NGF receptor induction in Schwann cells. As would be expected, the time courses of increased NGF and 192-IgG binding were identical; however, since both ligands were used at a concentration that yields maximal binding in neurons or PC 12 cells, the striking difference in the amounts of specific binding were unexpected and suggested some difference in the binding of these ligands to Schwann cells compared to PC12 cells, where both ligands label the same number of sites (Chandler et al., 1984 (Fig.  5) . To gain an approximation of Kd and B,,, values, the data were subjected to a computerized program that fitted 2 distinct lines to the data points (Feldman, 1972 
Dissociation kinetics of jZ51-NGF binding to Schwann ceils: Is there evidence for slow dissociation or internalization of NGF?
No detectable saturation of NGF binding was evident at ligand concentrations of 0.01-0.3 nM (Fig. 4, insert) . This indicated a lack of the type I or high-affinity sites that are associated with NGF internalization in NGF-dependent neurons and in PC12 cells. To determine directly whether Schwann cells display slow dissociation of NGF binding or if ligand internalization occurs, fixed concentrations of Y-NGF were incubated with Schwann cells at 37°C for 30 min. At this point, an excess of unlabeled NGF was added, and the dissociation of label was monitored with time. This experiment was biased in favor of conditions where internalization of ligand was likely to occur (37°C). Figure  7A shows that 40 PM '251-NGF rapidly associated to Schwann cells at 37°C. After the addition of unlabeled NGF, virtually all of the binding dissociated within 2 min. To compare this to a cell type that is known to bear high-affinity NGF receptors and to internalize NGF bound to its cell-surface receptor, the identical experiment was performed on PC 12 cells. Figure 7B shows 
Immunoprecipitation and visualization of NGF receptor on Schwann cells
The monoclonal antibody 192-IgG has been shown to be a useful tool to immunoprecipitate the rat NGF receptor from various tissues and cell preparations and to determine molecular weights of the NGF receptor proteins. To determine whether the NGF receptor localized to Schwann cells was similar to or different from that of the PC1 2 cell line, we performed the NGF crosslink-immunoprecipitation assay on these cells as described in Materials and Methods. In PC12 cells, as well as in various NGF-dependent neurons, the 192-IgG immunoprecipitated NGF-NGF receptor complex appears as 2 distinct bands on an SDS-polyacrylamide gel with molecular weights of 90 and 2 10 Figure 8 shows that the molecular weights of these 2 bands did not change with time in culture; however, there appeared to be an increased relative amount of the higher-molecular-weight (220 kDa) species with time in culture. Also, the 220 kDa species is much more prevalent in 4-and 7-d-old Schwann cell cultures than the higher-molecular-weight species of the NGF receptor on PC12 cells. To demonstrate the specificity of the crosslink/ immunoprecipitation procedure in Schwann cells, an excess of NGF in the binding step prevented the appearance of the 2 receptor species on the gel (Fig. 9, lanes 1 and 2) . Similarly, if the receptor was immunoprecipitated with the mouse myeloma protein (lane 3) or monoclonal antibody 187 (lane 4), there was no appearance of receptor. Other nonsense monoclonal antibodies were tested in this manner, and no specific immunopre- cipitation of NGF-NGF receptor complexes occurred (data not shown).
In viva experiments show that all Schwann cells in the lesioned distal nerve appear to express NGF receptors (Taniuchi et al., 1986b) . This suggests that Schwann cells ensheathing NGF nonresponsive motor axons, as well as sympathetic and sensory axons, in the sciatic nerve increase their NGF receptor levels.
To test for the presence of NGF receptors on Schwann cells which normally do not ensheath axons of NGF-dependent neurons, we cultured Schwann cells from the vagus nerve of Pl rats and assayed these cells for NGF receptor content (Fig. 9 , lanes 5 and 6). While the NGF receptors localized to vagus nerve Schwann cells comigrated with those derived from the sciatic nerve, there were approximately 2-3 times as many receptors on the vagus nerve Schwann cells compared to sciatic nerve Schwann cells. A similar result was obtained by using the wholecell ligand binding assay with '251-NGF as the receptor probe (data not shown). Finally, astrocytes cultured from neonatal rat cerebral cortex were assayed for NGF receptor by using the sensitive immunoprecipitation assay. Unlike their peripheral nervous system counterparts, the astrocytes from P6 rats maintained in culture for 6-8 d had no detectable levels of NGF receptor. The quantitative assessment of NGF receptors on Schwann cells, astrocytes, and PC 12 cells using the crosslink-immunoprecipitation assay is given in Table 1 .
Developmental aspects of the Schwann cell NGF receptor In a recent report by Yan and Johnson (1987) it was demonstrated that the NGF receptor content in sciatic nerve decreased dramatically from embryonic day 20 to adulthood in rats. As one possible explanation for this decrease, it was proposed that Schwann cells within the nerve expressed high levels of NGF receptor during development and that NGF receptors on Schwann cells decreased as the axon/Schwann cell interaction matured. During the course of the present studies it was noticed that the NGF receptor content of E20 Schwann cells immediately after isolation was significantly higher than that of Pl Schwann cells. Likewise, P3 cells had lower NGF receptor levels than Pl cells. To see whether NGF receptors were developmentally regulated in these cells, Schwann cells were prepared from E19, E20, Pl, and P3 rats and assayed immediately for NGF receptor content using the crosslink-immunoprecipitation assay. In addition, Schwann cells from rats of various ages were cultured for 4 and 7 d to observe the relative fluctuations in receptor density as a function of time in culture. Figure 1OA shows an age-dependent decline in Schwann cell NGF receptor content from E20 to P3, determined immediately after dissociation. If the cells were allowed to grow in culture for 4 and 7 d, the NGF receptor number increased dramatically, as previously observed, regardless of the age of the cells when plated (Fig. 10B) . These data suggest that developing Schwann cells bear NGF receptors in viva and that developing Schwann cells at all ages examined have a similar capacity to induce NGF receptors in response to loss of axonal contact.
Discussion
The results of the present study showed that rat Schwann cells, grown in tissue culture, express NGF receptors or binding sites on their cell surface and that the binding of NGF to these cells increases with time in culture. By using ligand binding and autoradiographic techniques, Sutter et al. (1979a) and Carbonetto and Stach (1982) have demonstrated specific NGF binding sites on morphologically distinct non-neuronal cells in chicken sensory neuronal cultures and estimated a binding constant of approximately 2 x lo-!' M for NGF on these cells. It was subsequently shown that NGF receptors in non-neuronal cells in chick sympathetic or sensory neuronal cultures appear developmentally regulated. Binding sites are observed after 24 hr in culture when removed on E6 (Zimmermann and Sutter, 1983) , whereas levels are much lower in 24-hr cultures obtained from El 2 to El6 chick embryos (Rohrer, 1985) . In the rat, we have shown that freshly prepared (day 0) Schwann cells from E19-P3 rats have NGF binding sites. By using the monoclonal antibody 192-IgG (Chandler et al., 1984) as an immunohistochemical tool, we verified that the Schwann cells (S-100 positive) in these cultures, and not the small population of fibroblast-like cells, possess NGF receptors. These results, coupled with the results obtained in viva (Taniuchi et al., 1986b) indicate that the presence of NGF receptor detected by 192-IgG may serve as a means of marking Schwann cells devoid of axonal contact.
In viva NGF receptor content in distal crushed sciatic nerve increases with time after crush (Taniuchi et al., 1986b) . Receptor levels are low but detectable at days 1 and 3. By 7-14 d, the receptor content increases 20-to 50-fold. A similar time course of NGF and 192-IgG binding was seen with Schwann cells placed in culture (see Fig. 3 ). Thus, the tissue culture model described here closely parallels the in viva results with respect to NGF receptor induction after axotomy and provides a good model to study NGF receptor regulatory processes when Schwann cells lose their functional contact with neuronal elements. Although the increase in NGF binding in cultured cells did not approach the magnitude of that seen for adult rats in vivo, it represented a substantial increment in binding. The probable explanation for the less dramatic increase is that Schwann cell NGF receptor number may be much higher in prenatal and early neonatal animals and decline substantially as the nerve develops to maturity in the adult. This implies a role for the Schwann cell NGF receptor in development as well as in regenerative processes (see below). In support of this, Figure 10 shows that NGF receptor binding on freshly prepared El 9 Schwann cells is 3-4 times higher than on P3 Schwann cells. Extrapolation of this developmental curve to adulthood would yield the observed lower binding levels (Yan and Johnson, 1987) . Thus, adult Schwann cells have very few or no NGF receptors, resulting in the greater differences in response to nerve injury (loss of neuronal contact).
Ligand binding and dissociation studies Conventionally, NGF binding to cell-surface NGF receptors is saturable and often transforms to a curvilinear Scatchard plot. With chicken sensory neurons @utter et al., 1979b), chick sympathetic neurons (Frazier et al., 1974; Olender and Stach, 1980) , and PC12 cells (Buxser et al., 1983) , NGF exhibits binding to 2 classes of receptors. The high-affinity receptors, termed type I, bind NGF with a Kd of 10-ll-lO-'o M. The K,, for the loweraffinity or type II receptors is in the 1O-9 M range. Figure 4 shows that NGF binding does not saturate on Schwann cells grown in culture for 4 d. In contrast, the identical reagents assayed on PC 12 cells, under conditions designed to label the low-affinity receptor (1 Om9 M) showed a distinct saturation binding isotherm with Kd and B,,, values that agree quite well with those reported previously (e.g., Herrup and Thoenen, 1979; Chandler et al., 1984) . Two possible explanations can be offered to account for the aberrant binding kinetics of NGF to Schwann cells. First, NGF binding to Schwann cells may show negative cooperative behavior such that saturation is not achieved at the concentrations used in these experiments (Xl-70 nM). There is no evidence in favor of a cooperative effect of NGF binding (Sutter et al., 1979b) . A second alternative is that NGF binds to one or more cell-surface molecules that are distinct from the Schwann cell NGF receptor, show a weak attraction for NGF, and have the capacity to bind large amounts of NGF.
In contrast to NGF binding, the binding of the anti-receptor monoclonal antibody, 192-IgG, was saturable and transformed to a linear Scatchard plot (Fig. 6) . The affinity constant of 4 nM obtained for 192-IgG on Schwann cells is similar to that observed for rat sympathetic ganglion membranes and PC 12 cells (Chandler et al., 1984) . 192-IgG labels the same number of binding sites as NGF in PC12 cells (Chandler et al., 1984) , a result we have confirmed. On Schwann cells, 192-IgG labels a significantly lower number of binding sites than does NGF (100 versus approximately 800 for NGF) but a similar number to the calculated 1.2 nM K,, component of NGF binding on Schwann cells. This is consistent with the contention that NGF may bind with low affinity to cell-surface proteins other than the NGF receptor. Alternatively, the NGF receptor may be structurally different, or it may present itself on the Schwann cell surface in such a manner that the epitope recognized by 192-IgG is not readily exposed, yielding the apparently fewer 192-IgG binding sites. The observation that the molecular weights of the NGF receptors on Schwann cells seem to differ slightly from those of PC 12 cells (Fig. 8) suggests that this might be the case. It should be noted, however, that kinetic or structural properties of NGF could be affected by culture conditions. For example, Schwann cells were cultured in the presence of the antimitotic agent cytosine arabinoside. Similar experiments (unpublished observations) performed on a rat Schwannoma cell line, cultured obviously in the absence of an antimitotic, yielded the same kinetic and structural characteristics of the NGF receptor as seen on Schwann cells. These data suggest that the kinetic and structural differences observed in primary Schwann cell cultures are a reflection of the Schwann cell phenotype rather than a function of culture conditions. NGF receptors on other glial cells With regard to NGF receptor expression, vagus nerve-derived Schwann cells behave similarly to their sciatic nerve-derived and Johnson -NGF Receptors on Schwann Cel l s counterparts when deprived of axonal contact (Fig. 9) . This is interesting given the fact that the Schwann cells prepared for these experiments were dissected from a region presumably devoid of axons from NGF-dependent neurons. Thus, Schwann cells appear to respond in a generalized fashion regardless of the axons they ensheath. Similar results are obtained in vivo:
Section of the vagus nerve results in increased NGF receptor levels distal to the lesion (Taniuchi et al., submitted) . Zn vivo it appears that Schwann cells from nerves with varying fiber compositions behave similarly with regard to certain biochemical and morphological parameters during phases. of development (Asbury, 1967) , as well as during injury or disease (Thomas, 1948; Asbury and Amason, 1968) . In tissue culture, Schwann cells from different regions and different species proliferate in response to mitogens in a uniform manner (Pleasure et al., 1985) . In contrast to their PNS counterparts, cultured rat astrocytes contained no detectable NGF binding sites (Table 1 ). It has long been known that the regenerative capacity of CNS axons is blunted compared with that of peripheral axons (Guth, 1975; Veraa and Grafstein, 198 1) . However, if central axons are given the proper environment, they will regenerate with a greatly enhanced efficiency (David and Aguayo, 198 1; Aguayo et al., 1983; see review, Bjorklund and Stenevi, 1979) . Several factors elaborated by Schwann cells have been implicated in the success of peripheral axons to regenerate. Whether these factors are present or biologically active in astrocytes and oligodendrocytes is uncertain. Recent results from this laboratory have shown that lesioning of CNS axons does not produce the increases in NGF receptor levels observed in peripheral nerve (Taniuchi et al., unpublished observations) . Perhaps one aspect of the inability of the CNS to promote regeneration is that central glia do not present NGF receptors, or other neurotrophic factor receptors, on their cell surface by which to concentrate trophic factors supportive of functional regeneration (see below).
Role of NGF receptors on Schwann cells
During various stages of neuronal development and regeneration it is apparent that the cellular and extracellular components within a nerve have a critical function in the guidance of the axon to its target (see review, Sanes, 1983) . Several investigators have identified one or more molecules that have important roles during development and regeneration (Miiller et al., 1986) .
Laminin (Manthorpe et al., 1983) and the neuron-glial cell adhesion molecule (Friedlander et al., 1986) are 2 examples of such molecules. It is likely that several molecules, interacting in a complex manner, are involved in the proper guidance of axons during development and regeneration. We have proposed (Taniuchi et al., 1986b ) that the appearance of NGF receptors on Schwann cells serves to sequester NGF on their cell surfaces, providing an NGF-laden substratum through which axons of NGF-dependent neurons grow (tropic guidance). As the axon reaches the Schwann cell, it is able to use the NGF in a trophic manner. This is plausible, since the affinity of NGF for the Schwann cell receptor (1O-9-1O-8 M) is lower than that for the high-affinity neuronal receptor ( 10mll-lOmlo M range). The source of NGF remains uncertain, although in vitro (Adler and Varon, 198 1; Noble et al., 1984) and in vivo (Rush, 1984; Korsching et al., 1986) 
